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Coagulopathy in Malnourished Mice Is
Sexually Dimorphic and Regulated by

Nutrient-Sensing Nuclear Receptors
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Sridevi Devaraj,4 Margaret E. Conner,5 Cristian Coarfa,’ Sung Yun Jung ,2%% and David D. Moore ' 2

Liver dysfunction, including coagulopathy, is a prominent feature of protein-energy malnutrition. To identify mecha-
nisms underlying malnutrition-associated coagulopathy, we administered a low-protein low-fat diet to lactating dams
and examined hepatic transcription and plasma coagulation parameters in young adult weanlings. Malnutrition im-
pacted body composition to a greater extent in male versus female mice. Transcriptional profiles suggested opposing
effects of nutrient-sensing nuclear receptors, namely induction of peroxisome proliferator-activated receptor a (PPAR«)
targets and repression of farnesoid-X-receptor (FXR) targets. Coagulopathy with decreased synthesis of fibrinogen-o
(FGA) and factor 11 (F11) was observed in malnourished male animals but not female animals. In primary mouse
hepatocytes, FXR agonist increased and PPARa agonist decreased Fga and F11 messenger RNA expression. Nuclear
receptor DNA response elements were identified in the Fga and FI11 gene regulatory regions, and opposing effects of
FXR and PPARa were confirmed with luciferase assays. Unexpectedly, hepatic PPARa protein was markedly depleted
in malnourished male liver and was not enriched on Fga or FII response elements. Rather, there was loss of FXR
binding at these response elements. Reduced PPARa protein was associated with loss of hepatocyte peroxisomes, which
are necessary for bile acid biosynthesis, and with decreased concentrations of bile acids that function as FXR ligands,
most notably the FXR agonist chenodeoxycholic acid. Conclusion: Malnutrition impairs growth and liver synthetic func-
tion more severely in male mice than in female mice. Malnourished male mice are coagulopathic and exhibit decreased
hepatocyte peroxisomes, FXR agonist bile acids, FXR binding on Fga and FI1 gene regulatory elements, and coagula-
tion factor synthesis. These effects are absent in female mice, which have low baseline levels of PPAR«, suggesting
that nutrient-sensing nuclear receptors regulate coagulation factor synthesis in response to host nutritional status in a

sex-specific manner. (Hepatology Communications 2020;4:1835-1850).

alnutrition remains one of the leading to treat and carries a high mortality rate, in part due
global health challenges, contributing to to liver pathophysiology, which includes synthetic
half of all child deaths. In developing function impairment and coagulopathy.(z) Although
countries, stunting is observed in 31% of children coagulopathy in child malnutrition often is attributed
under 5 years of age.(l) Child malnutrition is difficult to vitamin K deficiency, many cases of moderate to
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1; Acox1, acyl-coenzyme A oxidase 1; cDNA, complementary DNA; ChIE chromatin immunoprecipitation; Cod, coenzyme A; Cyp4al4, cytochrome P450,
family 4, subfamily a, polypeptide 14; DR, direct repeat; DXA, dual-energy X-ray absorptiometry; F11, coagulation factor 11; FGA, fibrinogen-a; Fgf21,
fibroblast growth factor 21; FXR, farnesoid-X-receptor; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; INR, international normalized ratio; IR,
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severe malnutrition are associated with decreased vita-
min K-independent coagulation factors or are refrac-
tory to intravenous vitamin K therapy. Mechanisms
underlying malnutrition-induced coagulopathy remain
uncharacterized. Livers from malnourished adults®?
and from our neonatal mouse model of malnutrition®®
reveal increased autophagy, mirroring a key aspect of
the acutely fasted state. Fasting induces autophagy by
coordinate regulation of the nutrient-sensing nuclear
receptors farnesoid-X-receptor (FXR) and peroxisome
proliferator-activated receptor a (PPARa) competing
for and binding to DNA regulatory elements on tar-
get genes.®) Thus, we hypothesized that coagulopa-
thy in malnutrition could be regulated by FXR and
PPAR« through similar mechanisms.”

We sought to model malnutrition-induced coagu-
lopathy by administering to mice a low-protein low-fat
diet (LPLFD) formulated to match the relative macro-
nutrients consumed by children in low-income regions
of northeastern Brazil.®) We found that the LPLFD
altered body composition to a greater extent in male
mice compared to female mice. Malnourished male but
not female mice were coagulopathic, with decreased
expression of fibrinogen-a (FGA) and coagulation
factor 11 (F11). Although transcriptomic evidence
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revealed a potential role of PPARa induction and FXR
signal loss, we found malnutrition to be associated with
decreased FXR binding at the transcriptional start sites
of Fga and F11. This loss of FXR activity in malnour-
ished male mice was associated with decreased concen-
trations of bile acids, several of which function as FXR
agonist ligands. These studies implicate decreased bile
acid synthesis resulting in decreased FXR activity as a
key event underlying malnutrition-induced coagulopa-
thy, which is sexually dimorphic.

Materials and Methods

ANIMAL STUDIES

Wild-type C57BL/6] mice (Jackson Laboratory)
were maintained at the Baylor College of Medicine
Center for Comparative Medicine in a temperature-
controlled 14:10-hour light-dark room. Dams with
8-day-old pups were randomized to receive an irra-
diated purified control diet (15% fat, 20% protein,
65% carbohydrate) or an isocaloric LPLFD (5% fat,
7% protein, 88% carbohydrate; #D09051102 and
#D09081701B; Research Diets, New Brunswick, NJ)
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to induce malnutrition.) On day-of-life 21, pups
were weaned to their dams’ diet for another 5 weeks.
At 8 weeks of life, mice were lightly anesthetized with
isoflurane. Body lengths were measured from nose to
tail base, and standard dual-energy X-ray absorpti-
ometry (DXA) body composition analyses were per-
formed in an UltraFocus DXA (Faxitron, Tucson,
AZ). After euthanization with 2 minutes of CO,
inhalation, plasma was collected by cardiac punc-
ture into syringes prefilled with 0.9% sodium citrate.
Liver lobes then were harvested. All animal experi-
ments were conducted in accordance with the Baylor
College of Medicine Institutional Animal Care and
Use Committee guidelines. Plasma international
normalized ratio (INR) was measured in the Texas

Children’s Hospital Clinical Chemistry Laboratory.

RNA PURIFICATION AND
TRANSCRIPTIONAL PROFILING

To broadly analyze transcriptional changes with
RNA sequencing (RNA-seq), total RNA was isolated
from 30-50 mg frozen liver tissue and treated with
deoxyribonuclease using RNeasy Mini Kit (Qiagen,
Germantown, MD). RNA integrity was confirmed with
a 2100 Bioanalyzer Instrument (Agilent Technologies,
Santa Clara, CA). Transcripts were identified using
stranded, paired-end, 100-base pair sequencing to
a depth of 22 million reads per sample on a HiSeq
2500 (Illumina, San Diego, CA) in the Baylor College
of Medicine Genomic and RNA Profiling Core. The
RNA-seq bioinformatics pipeline, which defined dif-
ferential gene expression and enriched biological path-
ways, is described in detail in the Supporting Materials
and Methods. RNA-seq data were deposited in the
National Center for Biotechnology Information’s Gene
Expression Omnibus (GEO)(9 and are accessible
through GEO Series accession number GSE156856.
Alternatively, for real-time quantitative polymerase
chain reaction (qQPCR), total RNA was isolated from
30-50 mg liver or cultured hepatocytes using TRIzol
Reagent (Invitrogen, Carlsbad, CA) and quantified
with a NanoDrop 2000c¢ spectrophotometer (Thermo
Fisher Scientific, Waltham, MA). Complementary
DNA (cDNA) was synthesized from 1 pg RNA using
amfiRivert cDNA Synthesis Platinum Master Mix
(GenDEPOT, Inc. Katy, TX). SYBR Green PCR
Master Mix (Thermo Fisher Scientific) was used on
a StepOnePlus Real-Time PCR System (Applied

PREIDIS ET AL.

Biosystems, Foster City, CA). Relative expression lev-
els to B-actin or glyceraldehyde 3-phosphate dehydro-
genase (GAPDH) were calculated by the comparative
cycle threshold (AAC,) method. All primer sequences
are listed in Supporting Table S1.

PLASMA PROTEOME PROFILING

Procedures for liquid chromatography-tandem mass
spectrometry were recently described in detail. 1
Briefly, after depletion of albumin and immunoglob-
ulin with Proteome Purify 2 Mouse Serum Protein
Immunodepletion Resin (R&D Systems, Minneapolis,
MN), samples were denatured and trypsinized on an
S-Trap (ProtiFi, Farmingdale, NY) system. Digested
peptides were eluted and desalted with a C18-stage tip,
separated by an nLC-1000 chromatograph, and applied
to a Q-Exactive Plus Orbitrap Mass Spectrometer
(Thermo Fisher Scientific). The resulting spectra were
searched against the target-decoy Mouse Reference
Sequence database in Proteome Discoverer 1.4
(Thermo Fisher Scientific) using the Mascot 2.4 algo-
rithm (Matrix Science, Boston, MA). Relative amounts
of peptide were calculated with the intensity-based
absolute quantification algorithm and normalized to
the intensity-based fraction of the total. These data
were analyzed in the context of pathways and diseases
obtained from the Kyoto Encyclopedia of Genes and
Genomes database. Differentially expressed peptides
were identified with a threshold of P < 0.1 and a log
fold change of expression with absolute value 20.585.

WESTERN BLOT ANALYSIS

To determine the relative concentrations of plasma
proteins, samples were thawed and diluted with radio
immunoprecipitation assay (RIPA) buffer (Thermo
Fisher Scientific) supplemented with protease and
phosphatase inhibitors. Alternatively, liver tissue was
homogenized in RIPA buffer. From 20 to 50 pg of
diluted plasma or liver lysate was loaded on NuPAGE
4%-20% Bis-Tris precast gels (Thermo Fisher
Scientific) and transferred onto polyvinylidene fluo-
ride transfer membranes (Thermo Fisher Scientific).
Primary antibodies to FGA (#sc-398806; Santa
Cruz Biotechnology, Dallas, TX), F11 (#sc-365996;
Santa Cruz Biotechnology), PPARa (#PA5-85125;
Thermo Fisher Scientific), FXR (#ab85606; Abcam,
Cambridge, United Kingdom), or peroxisomal
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membrane protein 70 (PMP70) (#PA1-650; Thermo
Fisher Scientific) were applied, with GAPDH
(#14C10; Cell Signaling Technology, Danvers, MA)
serving as a housekeeping protein for liver samples. For
plasma samples, total protein staining was performed
using Ponceau S Staining Solution (Cell Signaling
Technology). Horseradish peroxidase-conjugated sec-
ondary antibodies were applied, and protein was visu-
alized with Chemiluminescent Substrate (Thermo
Fisher Scientific) on the Amersham Imager 600 (GE
Healthcare Life Sciences, Marlborough, MA).

PRIMARY HEPATOCYTE CULTURE

Hepatocytes were isolated as described®  from
8-week-old male C57BL/6] mice maintained on
standard chow. Isolated cells were washed twice with
hepatocyte wash media and then seeded in 12-well
plates with Williams’ E medium (Invitrogen) sup-
plemented with 10% fetal bovine serum, 1% pen-
icillin/streptomycin, insulin-transferrin-selenium,
and GlutaMAX (Invitrogen). The cell-culture media
was changed after 6 hours; then, 20 pM WY-14643
(Tocris Bioscience, Bristol, United Kingdom), 5 pM
GW4064 (Tocris Bioscience), or both reagents were
applied for 12 hours, after which RNA was isolated
for qPCR analysis, as described above.

MOLECULAR CLONING AND
CELL-BASED REPORTER ASSAYS

Oligonucleotides encompassing three copies of
inverted repeat (IR)-1 motifs found in mouse Fga
or F11 enhancer regions (Supporting Table S2) were
cloned into luciferase reporter vectors, and transient
transfections were performed using 150-ng reporter
constructs and 100-ng pCMX-mouse PPARa plasmid,
pCMX-human FXR plasmid, or cytomegalovirus-p-ga-
lactosidase plasmid as an internal control, as described.®
Modifications and additional experimental details are

presented in the Supporting Materials and Methods.

CHROMATIN
IMMUNOPRECIPITATION ASSAYS

Partially purified nuclear fractions were prepared
as described,(ll) and chromatin immunoprecipitation
(ChIP) was performed® using 2.5 pg monoclonal
anti-FXR  (#A9033A; Thermo Fisher Scientific),
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10 pg monoclonal anti-PPARa (#MA1-822; Thermo
Fisher Scientific), or 2.5 or 10 pg, respectively, of
mouse immunoglobulin G (IgG) (#12-371; Millipore,
Burlington, MA). Samples were washed and reverse
cross-linked. Purified DNA was used for qPCR anal-
yses using primer sequences listed in Supporting
Table S3. Data are presented as fold enrichment rel-
ative to IgG control and normalized to control mice.
Additional experimental details are provided in the
Supporting Materials and Methods.

BILE ACID ANALYSIS

Extractions were prepared from plasma, liver, or
stool with aqueous methanol and injected into an
ultra-high-performance liquid chromatograph cou-
pled with a Q-Exactive Orbitrap Mass Spectrometer
(Thermo Fisher Scientific) in negative mode with
electrospray ionization. Data were acquired and
processed with Xcalibur software (Thermo Fisher
Scientific), with m/z ranging from 80-1,200 Da. Bile
acids were identified by comparison with the exact
masses and retention times of the corresponding
standards. Peak areas were calculated with Genesis.
Details are provided in the Supporting Materials
and Methods.

STATISTICAL ANALYSIS

All results are presented as mean + SD, and sta-
tistical significance was determined among treatment
groups separately for each sex. For experiments com-
paring the LPLFD versus control diet, a two-tailed
Student 7 test was used. For in witro experiments
involving more than two treatment groups, one-way
analysis of variance was performed, and when the
global test was significant (P < 0.05), post-hoc Sidak’s
multiple comparisons tests were used to establish
between-group differences.

Results

MALNUTRITION ALTERS BODY
COMPOSITION IN A SEX-SPECIFIC
MANNER

We quantified the impact of the LPLFD on
weight, length, and body composition of male and
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FIG. 1. LPLFD impairs growth and alters body composition to a greater extent in weanling male mice compared to female mice.
(A) Mean daily body weights from the introduction of the LPLFD on day-of-life 8 through 8 weeks of age. (B,C) Body weight and nose-
to-rump length at 8 weeks of age. (D-I) Body composition parameters measured by DXA at 8 weeks of age (n = 4-6). Data are mean + SD.
Student # test; ***P < 0.0001, **P < 0.001, **P < 0.01,*P < 0.05 compared to control mice of the same sex.

female mice. The LPLFD introduced to lactating
dams on day-of-life 8 slowed weight gain among male
and female pups similarly before weaning (Fig. 1A).
However, by 8 weeks of life, malnourished male mice
were a mean 27% underweight compared to male
controls (P < 0.001), whereas malnourished female
mice were just 9% underweight compared to female
controls (P < 0.01; Fig. 1B). Similarly, stunting was
more prominent in malnourished male (P < 0.001)
compared to malnourished female mice (P < 0.05;
Fig. 1C).

DXA body composition analyses revealed that the
LPLFD decreased bone mineral density (Fig. 1D),

bone mineral content (Fig. 1E), and bone area (Fig. 1F)
in 8-week-old male and female mice. Malnourished
male mice exhibited a striking 28% decrease in
lean body mass (P < 0.001) compared to only a 9%
decrease in malnourished female mice (P < 0.05;
Fig. 1G). Despite modestly decreased total fat mass
(Fig. 1H), the profound decrease in lean body mass
among male mice receiving the LPLFD translated
to increased body fat percentage (P < 0.05; Fig. 1I).
The LPLFD did not alter the percentage of body
fat in female mice. Thus, the LPLFD has differen-
tial effects on growth and body composition among
weanling male and female mice.
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LIVER TRANSCRIPTOME
RESPONSE TO THE LPLFD
INCLUDES ALTERED NUCLEAR
RECEPTOR TARGETS AND
SUPPRESSED COAGULATION
CASCADE

Next, we investigated the broad hepatic gene
expression response to the LPLFD. We identified
2,160 differentially expressed genes in malnourished
male mice (1,046 up, 1,114 down) and 1,920 differ-

entially expressed genes in malnourished female mice

HEPATOLOGY COMMUNICATIONS, December 2020

(977 up, 943 down). Liver genes down-regulated in
malnutrition included those involved in coagulation
and bile acid transport (Fig. 2A). Two decreased bile
acid transporter messenger RNAs (mRNAs) are those
of the FXR target genes adenosine triphosphate bind-
ing cassette subfamily B member 11/bile salt export
pump (Abcb11/Bsep) and solute carrier family 51
subunit beta/organic solute transporter beta (S/c515/
Ostb); both were down-regulated in malnourished
male but not female mice (Fig. 2B). The pattern of
FXR signal loss was partial; the FXR target gene
nuclear receptor subfamily 0 group B member 2/
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FIG. 2. LPLFD hepatic transcription signature indicates suppressed coagulation factor secretion and changes in bile acid transport and
PPARa signaling. (A) Pathway analysis of 4,080 differentially expressed transcripts; significantly altered pathways relevant to coagulation,
bile acids, and PPAR« are shown. (B,C) Confirmation of differentially expressed genes by qPCR that are (B) known FXR targets,
including bile acid transporters, or (C) known PPAR« targets (n = 6). Data in (B,C) are mean + SD. Student # test; ***P < 0.001, *P < 0.01,
*P < 0.05 compared to control mice of the same sex. Abbreviation: SLC, solute carrier.
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small heterodimer partner (Nr052/Shp) was among
those not down-regulated by the LPLFD in male
mice (Fig. 2B). Pathway analysis also revealed that
the genes up-regulated in malnourished male liv-
ers were enriched for PPARa signaling. gPCR con-
firmed induction of multiple PPAR« targets; however,
this induction was not as prominent in malnourished
temale mice and did not include all PPAR« targets,
with acyl-coenzyme A (CoA) oxidase 1 (AcoxI) being
one example of a noninduced target gene (Fig. 2C).

To gain additional insight into the sexually
dimorphic response to the LPLFD, we examined
androgen and estrogen receptor target gene expres-
sion. Pathway analysis revealed that the LPLFD
down-regulated the androgen receptor signaling
pathway and early estrogen response in male mice,
while itincreased the early and late estrogen responses
in female mice (Supporting Fig. S1). Differential
expression was observed in 27% of the genes in the
androgen receptor signaling pathway and in 36%
and 35% of the genes in the early and late estrogen
response pathways, respectively (Supporting Tables
S4-56). In all three pathways, the LPLFD altered a
greater number of transcripts in male compared to
female mice. Among the top pathways up-regulated
by the LPLFD was fatty acid metabolism, which
also revealed more striking abnormalities in male
compared to female mice (Supporting Table S7).
Taken together, the hepatic transcriptome in the
LPLFD suggests down-regulation of coagulation
factor synthesis, partially decreased FXR signaling,
and partially increased PPARa signaling and fatty
acid metabolism, with male mice more profoundly
affected than female mice.

COAGULATION FACTOR
SYNTHESIS IS IMPAIRED IN
MALNOURISHED MALE MICE

To determine whether these hepatic transcriptional
changes are associated with changes in secreted pro-
teins, we profiled the plasma proteome in malnour-
ished and control mice. From a total of 1,153 proteins
with measured expression (Fig. 3A), we identified 81
differentially expressed plasma proteins in malnour-
ished male mice and 65 differentially expressed pro-
teins in malnourished female mice (Supporting Tables
S8 and S9). Principal component analysis (PCA)
revealed two striking findings (Fig. 3B). First, PC1,
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which conveyed the most variation in the sample set,
completely separated all male plasma samples (PC1
>0) from all female samples (PC1 <0), irrespective of
diet. Second, PC2, which conveyed the second-most
variation in the sample set, completely separated mal-
nourished male mice (PC2 >0) from male controls
(PC2 <0), whereas female mice receiving either the
LPLED or control diet clustered together around PC2
=0. Congruent with our liver transcriptome results,
pathway analysis indicated that the most perturbed
plasma protein pathway in malnourished male mice
was the complement and coagulation cascade (P = 7.2
x107°), while the next four pathways on this list were
immune pathways that included complement proteins
(Fig. 3C). Conversely, the complement and coagu-
lation cascades were not perturbed in malnourished
female mice. In accordance with these data, malnour-
ished male mice were coagulopathic, as evidenced by
increased INR (mean, 1.2 vs. 0.9; P = 0.0003), but this
liver function impairment was not observed in mal-
nourished female mice (Fig. 3D).

To determine which coagulation factors are altered
by the LPLFD, we investigated a panel of 18 coag-
ulation genes by qPCR (Supporting Fig. S2) and
identified two transcripts that were repressed by the
LPLFD. Hepatic transcription of both Fga and F11
was decreased in malnourished male mice but not
female mice (Fig. 3E). Consistent with decreased
transcription, FGA and F11 proteins were decreased
in plasma from malnourished male but not female
mice (Fig. 3F). These results indicate that the LPLFD
alters liver-derived plasma coagulation proteins FGA
and F11 in male but not female mice. These find-
ings are associated with decreased FXR and altered
PPARa« transcriptional responses.

OPPOSING EFFECTS OF FXR AND
PPARa ON COAGULATION FACTOR
SYNTHESIS

The nutrient-sensing nuclear receptors FXR and
PPARa regulate autophagy by binding to shared
DNA regulatory elements and respectively suppress-
ing or inducing transcription of a subset of autophagy-
mediating genes.(é) Given our transcriptomic evidence
of FXR target repression and PPAR« target activation
in the context of impaired coagulation factor synthe-
sis with elevated plasma INR in malnourished male
mice, we sought to determine whether regulation
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FIG. 3. LPLFD plasma protein alterations include decreased coagulation factors. Plasma proteome analysis visualized by (A) heat map and
(B) PCA plot reveals that sex differences account for the most variation between groups and that nutritional status accounts for striking
differences in male but not female mice. (C) Pathway analyses of 116 altered plasma proteins reveal “Complement and coagulation cascades”
as the top perturbed pathway in malnourished male mice. (D) Plasma INR of mice receiving control diet or the LPLFD (n = 5-8). (E,F)
Expression of hepatic mRNA (n = 6) and plasma protein (n = 3-4) of the coagulation factors Fga and F11 are decreased in malnourished male
mice but not female mice. These two genes were found to be decreased in malnourished male mice on an 18-gene qPCR panel (Supporting
Fig.S2). Data in (D,E) are mean + SD. Student # test; P < 0.01 compared to control mice of the same sex. Abbreviation: FDR, false discovery
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of the coagulation factors Fga and F11 might occur
by similar mechanisms. In primary hepatocytes
derived from healthy male mice, the PPARa agonist
WY-14643 decreased and the FXR agonist GW4064
increased transcription of Fga and F11 as expected
(Fig. 4A). Known transcriptional targets of FXR
(Abcb11, Sk515, and Nr0b2) and PPARa (fibroblast
growth factor 21 [Fgf21], acyl-CoA thioesterase 1
[Acot1], Acox1, and cytochrome P450, family 4, sub-
family a, polypeptide 14 [Cyp4al4]) were assessed as
positive controls (Supporting Fig. S3). These results
support our hypothesis that Fga and F71 can be pos-
itively regulated by FXR and negatively regulated by
PPARa.

To explore mechanisms that underlie this coor-
dinate regulation, we examined the Fga and FI11 5
regulatory regions for DNA binding sites shared by
PPARa and FXR in publicly available ChIP-seq
data®1219 (Supporting Fig. S4). Near each tran-
scriptional start site, we found multiple sites shared
not just by the nuclear receptors but also by their

1.59
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0.5

0.0-

B Fga 5' Regulatory Region

*

* —

Relative

PPARa

Empty FXR

PPARa + FXR
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associated proteins: steroid response coactivators 1-3,
which are recruited by FXR, and nuclear corepressor
nuclear receptor corepressor 1 (NCoR) and histone
deacetylase 3, which are recruited by PPARa. Each
peak contained at least one match to the consensus
IR-1 FXR response element; this suggests the pos-
sibility of direct competition between the nuclear
receptors in a manner similar to that which occurs in
autophagy at consensus PPARa direct repeat (DR-1)
response elements but with opposite effects of the two
nutrient responsive nuclear receptors at IR-1 versus
DR-1 elements.®

To test the hypothesis that PPARa activation
decreases and FXR activation increases transcription
of these genes by binding to specific DNA regulatory
elements, we tested the responses conferred by the
IR-1 motifs found within the ChIP-seq peaks near
the transcriptional start sites of the Fga and F11 genes.
We cotransfected into HeLa cells a luciferase reporter
driven by promoter constructs containing three copies
of the IR-1 motifs, along with expression vectors for

[ Vehicle
Bl \WY-14643
Hl GW4064
B WY+GW

F11 5' Regulatory Region

154

PPARa FXR PPARa+ FXR

Empty

FIG. 4. PPAR« represses and FXR induces coagulation factor synthesis. (A) Primary mouse hepatocytes treated with 20 pM of the
PPARa agonist WY-14643 or 5 pM of the FXR agonist GW4064 exhibit decreased and increased expression, respectively, of Fga and
F11 (n = 6). Expression of known FXR or PPAR« target genes is shown in Supporting Fig. S3 as positive controls. (B) Functional role
of the IR-1 motif in the regulatory region of mouse Fga and F11 for PPARx or FXR activity in HeLa cells (n = 6). One-way analysis of

variance followed by Sidak’s multiple comparisons test; ****P < 0.0001,

P < 0.001,"P < 0.01,*P < 0.05. Data are mean + SD. Regulatory

regions were identified by iz sifico analyses illustrated in Supporting Fig. S4. Confirmatory studies performed in AML12 cells are shown

in Supporting Fig. S5.



PREIDIS ET AL.

PPARa and FXR. These studies confirmed opposing
responses, with the FXR agonist inducing expression
in the presence of FXR, as expected. PPAR« cotrans-
tection increased basal luciferase expression, but this
was decreased in response to agonist. In the presence
of both receptors, PPARa agonist strongly suppressed
both basal and FXR-induced expression (Fig. 4B).
Similar results were obtained by cotransfecting
AML12 cells, and changes in reporter activity were
abolished completely by mutating the IR-1 elements
(Supporting Fig. S5). Taken together, these data indi-
cate that FXR activation can induce and PPAR«a
activation can repress transcriptional activity of Fga
and F11 by promoter-proximal positive IR-1 FXR
response elements.

IMPAIRED COAGULATION
FACTOR TRANSCRIPTION IN
MALNUTRITION IS ASSOCIATED
WITH DECREASED FXR DNA
BINDING BUT NOT INCREASED
PPARa BINDING

Given the possibility that FXR activation in the
healthy state induces and PPARa activation in the
malnourished state represses transcription of coagu-
lation factors by binding to the IR-1 motifs predicted
by our in silico analysis, occupancy of these motifs
on Fga and F11 by PPARa and FXR was examined
in malnourished and healthy mice by ChIP-qPCR.
As a positive control to ensure that our predicted
DNA regulatory elements are PPARa binding sites,
we tested livers harvested from male mice following
a 24-hour fast (Supporting Fig. S6). In fasted male
mice, PPARa is known to be robustly activated and
enriched at specific IR-1 motifs.”) Indeed, we found
PPAR« enriched in fasted compared to fed mice on
the known positive PPARa targets Fgf21 (2.2-fold;
P < 0.01), Acox1 (2.6-fold; P < 0.001), and Cyp4al4
(2.0-fold; P < 0.01). In addition, we found PPAR«
enriched in fasted compared to fed mice on Fga
(2.1-fold; P < 0.001) and F11 (2.1-fold; P < 0.01;
Supporting Fig. S6). However, in malnourished mice
consuming the LPLFD, PPARa was not enriched on
the known PPAR« targets Fgf21, Acox1, or Cyp4al4,
nor was PPARa enriched on Fga or F11 (Fig. 5A).
On the other hand, although FXR binding was not
significantly decreased by the LPLFD on the known
response elements of the positive FXR targets 4bcb11,
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81c516, or Nr0b2, FXR binding was decreased on Fga
to 62% of control levels (P < 0.01) and on FI7 to
54% of control levels (P < 0.01) in malnourished male
but not female mice (Fig. 5B). Thus, decreased tran-
scription of Fga and F11 in malnourished male mice
is associated with decreased FXR binding but not
increased PPARa binding.

MALNUTRITION ALTERS HEPATIC
EXPRESSION OF PPARa AND FXR

Decreased FXR binding at DNA regulatory ele-
ments on Fga and F11 could result from decreased
FXR protein levels, decreased FXR activation, or
both. To distinguish between these possibilities, we
assessed hepatic FXR protein levels by western blot.
The LPLFD did not decrease expression of FXR;
rather, FXR protein was increased by 41% in malnour-
ished male mice (P < 0.01) and by 19% in malnour-
ished female mice (P < 0.01) compared to controls
(Fig. 6A,B). Conversely, expression of PPARa in male
liver was profoundly decreased by the LPLFD to just
16% of control levels (P < 0.0001; Fig. 6A,C). This
result was surprising in the context of transcriptome
evidence of PPARa activation in malnourished male
mice. Given that phosphorylation of serine residues
on PPAR« is associated with increased transcriptional
activity, " we sought to determine whether dramati-
cally increased PPARa phosphorylation might explain
the positive transcriptional signal despite decreased
PPARa protein expression. The LPLFD did not
increase phosphorylation; rather, there was a slight
decrease in PPARa phosphorylation in malnourished
male but not female mice (Supporting Fig. S7). The
LPLFD did not alter PPARa protein levels in liv-
ers from female mice, which had minimal baseline
PPARw expression compared to male mice (Fig. 6A).

Given this unexpectedly profound decrease in
PPAR« protein in malnourished male mice and that
PPAR« induces peroxisome proliferation, we quali-
tatively examined hepatocyte peroxisome content by
electron microscopy. Similar to a study of malnour-
ished male rats fed a low-protein diet, ™ hepatocytes
from male mice fed the LPLFD exhibited loss of
peroxisomes (Supporting Fig. S8). We confirmed this
finding by quantifying hepatic expression of PMP70
by western blot. In accordance with decreased PPAR«
expression and electron microscopy evidence of per-
oxisome loss, PMP70 in male livers was decreased



HEPATOLOGY COMMUNICATIONS, Vol. 4, No. 12, 2020 PREIDIS ET AL.

mm Control Males Fgf2 1 A cox 1 Cyp4 a 14

- EE LPLFD Males 2.0 2.0
= Control Females
3 LPLFD Females

e
=]

=
o
1

1.0

0.5+

o
o
1

0.0-

0.0-

PPARa Fold Enrichment >

Fga F11

N
o
1
N
o
1

-
o
1

2
2
1

PPARao Fold Enrichment

Abcb11/Bsep Slc51b/Ostb Nrob2/Shp

N

o
1

N

o
1

-
o
1
-
(5]
1

o
<

FXR Fold Enrichment @

0.0-
Fga F11
€ 10 10
[}
E 8 8
Q
g, 1 T
L
29 tod 4 *k
] 1
> 2 2
E 0- 0

FIG. 5. Malnutrition is associated with decreased FXR binding but not increased PPARa binding. (A) PPARa-ChIP-qPCR reveals no
increased binding on the known PPAR« targets Fgf21, Acox1, or Cyp4al4 nor on Fga or F11,in mice fed the LPLFD (n = 3-4). This is
in contrast to increased PPARa binding on all five genes in mice following a 24-hour fast (Supporting Fig. S6). (B) FXR-ChIP-qPCR
reveals decreased binding on Fga and F11 in malnourished male but not female livers but no significant changes on the known FXR
targets Abcb11, Slc515, and Nr0b2 (n = 3-4). Data are mean + SD. Student # test; P < 0.01 compared to control mice of the same sex.
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spectrometry from liver, plasma, and stool found total fecal bile acid levels to be significantly decreased in malnourished male mice. (F)
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by the LPLFD to 61% of control levels (P < 0.01)
but was unchanged by the LPLFD in female livers
(Fig. 6D). These data indicate that markedly decreased
hepatic PPARa protein is associated with peroxisome
loss in malnourished male mice.

HEPATIC FXR SIGNAL
ATTENUATION IS ASSOCIATED
WITH DECREASED FXR AGONIST
BILE ACIDS

Given that decreased FXR binding on Fga and
F11 in malnourished male mice does not result
from decreased FXR protein expression and that
bile acids, many of which are FXR ligands, require
peroxisomal fB-oxidation to form mature bile acid
intermediates,'® we tested the possibility that FXR
activation could be impaired by the LPLFD as a
result of decreased bile acids. Total concentrations of
hepatic and plasma bile acids were not significantly
altered by malnutrition. However, total fecal bile
acids were decreased in malnourished male mice to
56% of control levels (P < 0.05) and were unchanged
by the LPLFD in female mice (Fig. 6E). Specifically,
decreased fecal concentrations of the primary bile
acid chenodeoxycholic acid (37% of control levels;
P < 0.01) along with its derivatives a-/B-muricholic
acid, lithocholic acid, and ursodeoxycholic acid
(Fig. 6F) suggest impairment in the alternative
pathway of bile acid biosynthesis. The altered fecal
quantities of secondary bile acids, including deoxy-
cholic acid, ursodeoxycholic acid, and lithocholic
acid in the LPLFD male mice also might be due to
changes in the gut microbiome, which we recently
described in this model.1”

Chenodeoxycholic acid is the most potent natu-
ral FXR agonist, while lithocholic acid and deoxy-
cholic acid also can activate FXR.'® All three of
these FXR agonists were decreased in stool from
the LPLFD male mice (Fig. 6F), and although dif-
terences were more subtle in liver, deoxycholic acid
also was depleted in liver from the LPLFD male
mice (Supporting Fig. S9). Thus, the total pool of
bile acids, including several known FXR ligands, is
depleted in malnourished male mice, with differ-
ences most striking in the stool. All together, these
data identify decreased FXR activation and binding
to Fga and FI1 promoter-proximal response ele-
ments as specific mechanisms that could contribute

PREIDIS ET AL.

to coagulopathy in malnourished male mice. We did
not observe the predicted repressive PPARa binding
to DNA regulatory elements of coagulation factors,
potentially because malnourished male livers show a
striking loss of PPARa protein. Decreased PPARa
expression might lead to loss of peroxisomes, result-
ing in impaired hepatic synthesis of FXR agonist
bile acids.

Discussion

Similar to the acutely fasted state, a chronically
malnourished host must adapt to nutrient deficiency
by conserving amino acids and energy. Malnourished
children have multiple signs of suppressed hepatic
secretion. These include decreased circulating com-
plement proteins, which constitute one aspect of
malnutrition-associated immune deficiency,"” and
decreased small bowel concentrations of conjugated
bile acids, which impair micellar lipid solubilization
and fat absorption.(zo_m) Similarly, hypoalbuminemia
is a hallmark of the severe edematous form of malnu-
trition known as kwashiorkor.?? Although circulat-
ing levels of vitamin K-dependent coagulation factors
are often decreased, depletion of a subset of vitamin
K-independent coagulation factors?>%%)
incomplete resolution of coagulation despite vitamin
K therapy(27) suggest additional mechanisms regulat-
ing coagulation factor synthesis in severe malnutrition.

In our moderately malnourished mice, coagulop-
athy was manifest as moderately increased INR and
decreased expression of FGA and F11 in male but
not female mice. This was associated with decreased
expression of FXR target genes and decreased FXR
binding to promoter-proximal sites upstream of Fga
and F11. Decreased FXR activation and binding
might be due to hepatocyte peroxisome loss result-
ing in decreased production of FXR ligand bile acids.
These observations suggest a new mechanism of reg-
ulation of coagulation factor synthesis by the nutrient-
sensing nuclear receptor FXR.

In humans, FXR activation in the context of obe-

ticholic acid treatment for nonalcoholic steatohepati-
(28)

as well as

tis”” or in cholestatic liver diseases in general(zg) is
associated with decreased INR and a hypercoagula-
ble state. On the other hand, mutations in the gene
encoding FXR cause a progressive familial intrahepatic

cholestasis that features severe vitamin K-independent
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coagulopathy appearing early in the course of disease,
long before global liver synthetic function fails. 50
Affected infants have undetectable hepatic expres-
sion of BSEP, an FXR target gene that also is down-
regulated in livers from our malnourished male mice,
and expression studies in the human liver cell line
Huh7 implicate FGA as well as other potential FXR
targets in the coagulation cascade, namely coagulation
factors 3, 12, and 13b, as well as genes that encode the
two other fibrinogen subunits, fibrinogen-f} and fibrin-
ogen—y.(30) All three fibrinogen genes have been iden-
tified as FXR targets in both Huh7 cells and another
hepatoma cell line, HepG2.%? We evaluated each of
these genes in our gPCR panel, but only Fga and F11
were suppressed in male mice receiving the LPLFD.
These discrepant results could reflect differences spe-
cific to transformed cell lines or differential regulation
between humans and mice, or they could be due to
the relatively subtle FXR signal changes that occur in
our mild to moderate malnutrition model in contrast
to complete genetic loss of FXR or its stimulation
in wvitro by high concentrations of receptor agonists.

In the inverse of their effects on autophagy,(é) the
nuclear receptor PPAR« represses expression of genes
in the coagulation cascade while FXR activates them.
The suppressive role of PPARa is demonstrated by
two key results. First, stimulation of primary mouse
hepatocytes with PPARa agonist decreased mRNAs
of Fga and F11. Second, cell-based reporter assays
revealed strong repression of Fga and F11 IR-1
response elements following treatment with PPAR«a
agonist. These data add to growing evidence that
PPAR« contributes to the regulation of coagulation
factor synthesis. A recent study found that deletion
of PPARa worsens the prothrombotic effect of a
high-cholesterol diet through increased synthesis of
several coagulation factors,*?
trates that PPARa decreases fibrinogen-p expression
by directly binding to a DNA response element and
interfering with a transcriptional coactivator com-
plex.®® Indeed, one might speculate that decreasing
coagulation factor synthesis thereby reducing throm-
botic potential could contribute to some of the bene-
fits of fibrates in cardiovascular diseases.**

In contrast to the direct competition between
FXR and PPARa for DR-1 elements described for
autophagy,((’) we did not find evidence for competi-
tion on the Fga and F11 IR-1 elements in the mal-
nourished state. Instead, FXR binding to the IR-1

and earlier work illus-
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motif in the regulatory regions of both Fga and F11
was decreased in malnourished male mice, poten-
tially due to decreased agonist levels, while PPAR«a
occupancy was not detectable, apparently due to the
markedly decreased levels of PPARa protein. This
result is surprising given the transcriptome evidence
of PPAR« activation in the malnourished liver as well
as the reduced expression of Fga and F11 following
treatment with a PPARa agonist in both primary
hepatocytes and cell-based reporter assays. The basis
for the unexpected 84% loss of PPARa protein lev-
els in malnourished male livers is unclear and is the
subject of ongoing investigation. Notably, a strong
decrease in hepatic peroxisomes also was observed
in a recent study modeling malnutrition in weanling
male rats given a low-protein diet with normal fat
composition.(ls)

PPARa protein expression was high in healthy
males and significantly depleted by the LPLFD, yet
expression levels in females were much lower in com-
parison at baseline and unchanged by the LPLFD.
Studies in rats have suggested that androgens increase
hepatic PPARa expression, resulting in increased
expression in male liver relative to female liver.®”
More broadly in our studies, PPARa protein levels
seem to correlate inversely with FXR protein levels,
particularly in male mice. The basis for this inverse
correlation is not clear because analysis of published
mRNA profiling studies®**" does not support the
predicted inhibitory cross-regulation.

Overall, the most striking findings from our study
were the prominent sex differences, manifest in the
LPLFD effects on anthropometrics and body compo-
sition, transcriptomic and proteomic signatures, fecal
bile acid concentrations, FXR target gene expression
and binding to DNA, and expression of Fga and F11.
Sex differences in malnutrition are widely reported
across multiple species, with males of the species typ-
ically being more adversely affected.*>*¥ Although
influences of the sex hormones and sex chromosomes
on energy homeostasis are well described in the con-
text of obesity,(45) little is known regarding how these
and other factors regulate sex differences in liver func-
tion and metabolism during nutrient deprivation. In
rat models, diets deficient in methionine and choline
cause greater steatosis, hepatic lipid content, and liver
) and low dietary
fat intake affects plasma polyunsaturated fatty acid
composition more profoundly in female compared

injury in male versus female rats,
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to male rats.*’Although mechanisms underlying
these sex differences are unclear, more recent stud-
ies revealed that male and female mice have distinct
metabolic responses to short-term fasting. Whereas
male mice preserve the hepatic amino acid pool by
down-regulating lipogenesis and gluconeogenesis,
female mice use these amino acids to increase lipid
reserves. Intriguingly, this difference is most pro-
nounced in estrus-cycle stages featuring increased
steroidogenesis,(48) suggesting that the distinct female
response to malnutrition might have evolved in order
to preserve reproductive fitness during periods of
famine. Similar mechanisms could be relevant in our
model given the hepatic transcriptional changes in sex
hormone response and lipid metabolism pathways and
their association with relatively spared body composi-
tion in female mice receiving the LPLFD. Although
expression of the key lipogenesis enzymes acetyl-CoA
carboxylase or fatty-acid synthase were not altered,
ongoing studies seek to determine whether increased
de novo synthesis, increased mobilization of peripheral
fat stores with accumulation in the liver, or impaired
hepatic clearance contribute to metabolic abnormali-
ties in malnutrition.

Fundamental physiologic processes that are essen-
tial to life, such as coagulation, are regulated by mul-
tiple redundant mechanisms comprised of numerous
regulatory inputs beyond the nuclear receptors FXR
and PPARa. Nonetheless, these studies highlight
novel interactions between host nutritional status
and sex in the regulation of coagulation factor syn-
thesis. They also open the possibility that bile acids
or specific agonists targeting FXR might be useful to
increase circulating coagulation factors and decrease
the risk of life-threatening bleeding in vulnerable
patients with a variety of medical conditions who have
endured chronic or profound acute weight loss.
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